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ABSTRACT 

Context. We diagnose the properties of the plume and interplume regions in a polar coronal hole and the role of waves in the 
acceleration of the solar wind. 

Aims. We attempt to detect whether Alfven waves are present in the polar coronal holes through variations in EUV line widths. 
Methods. Using spectral observations performed over a polar coronal hole region with the EIS spectrometer on Hinode, we study the 
variation in the line width and electron density as a function of height. We use the density sensitive line pairs of Fe xii 186.88 A & 
195. 1 19 A and Fe xiii 203.82 A & 202.04 A . 

Results. For the polar region, the line width data show that the nonthermal line-of-sight velocity increases from 26 km s"' at 10" 
above the limb to 42 km s"' some 150" (i.e. ~1 10,000 km) above the limb. The electron density shows a decrease from 3.3 x 10' cm"^ 
to 1.9 X 10^ cm"^ over the same distance. 

Conclusions. These results imply that the nonthermal velocity is inversely proportional to the quadratic root of the electron density, 
in excellent agreement with what is predicted for undamped radially propagating linear Alfven waves. Our data provide signatures of 
Alfven waves in the polar coronal hole regions, which could be important for the acceleration of the solar wind. 
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1. Introduction 

Over the past decade, data from Ulysses show the importance 
of the polar coronal holes, particularly at times near solar min- 
imum, for the acceleration of the fast solar wind. Acceleration 
of the quasi-steady, high-speed solar wind requires additional 
energy in the supersonic region of the flow. It has been shown 
theoretically that Alfven waves from the Sun can accelerate 
the solar wind to these high speeds. Until now this is the 
only mechanism shown to enhance the flow speed of the ba- 
sically thermally driven wind to the high flow speeds ob- 
served in interplanetary space. The Alfven speed in the corona 
is quite high, so Alfven waves can carry a significant en- 
ergy flux even for low wave energy density. Direct observa- 
tions of Alfven waves has gained momentum after the launch 
of the Hinode satellite. Recent reports of detections of low- 
frequency ( < 5 mHz), propagatin g Alfvenic motions in the so- 
lar corona dTomczvk et al.'. 2007 , from coronagrap hic observa- 
tions) and chromosphere tPe Pontieu et alil2007bh and their re- 
lation ship with chrorriospheri c spicules observed at the solar 
limb (ID£ Pontieu et al.'.'2007ai) with the So lar Optical Te l escope 
(SOT-lXsuneta et al., 2008b) on Hinode dKosugiet al.L l2007h 
have widened interest in the subject. If MHD waves play an 
important role in accelerating high-speed streams and coronal 
heating, then this should be observed via a broadening of spec- 
tral lines, increasing with radial distance in the inner corona. 

There have been several ofF-limb spectral line observations 
to search for Alfven wave signatures. Measurements of ul- 
traviolet Mgx line widths during a rocket flight showed an 
increase in width with height to a distance of 70,000 km 



dHassler et al.L Il990l) . Also, coronal hole Fex spectra taken at 
Sacramento Peak O bservatory showed an in crease in the line 
width with hei ght dHassler & Moranl 11994 . SUMER/SoHO 
dWilhelmet all [19951) ' were used to record the off-limb, height- 
resolved spectra of an Si vin density sens i tive line pair, in equa 



torial coronal regions (IPovle et an.ll998l: IWilhelm et al.', 12005 ) 
and in polar coronal holes (Bane riee et al.L ll998; Wilhel m et al , 
12004 . The measured variation in line width with density and 
height supports undamped wave propagation in coronal struc- 
tures. This was strong evidence of outwardly propagating un- 
damped Alfven waves in the corona, which may contribute to 
coronal heating and high-speed solar wind in the case of coro- 
nal holes. We revisit the subject with the new EIS instrument 
on Hinode and compare with our previous results as recorded 
by SUMER/SoHO. In the present study, we also make a full 
scan in the off-limb polar region to study the differences be- 
tween the plume and interplume regions and to address the 
question as to whether the plume or the interplume is the pre- 
ferred channel for the acceleration of th e wind. Analys es of 

j2000; Teri aca et al.L l2003b and 
20001) data have shown that the 
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UVCS (e.g. lGiordano et al.L 
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width of UV lines in interplumes is greater than in plume re- 
gions, indicating that interplumes as the site where energy is 
preferentially deposited and, possibly, the fast wind emanates. 
In this letter we concentrate on the density diagnostic capa- 
bility of the density-sensitive line pairs of Fexii 186.88 A 
and 195.119 A ("Young et al.', '2009|) and Fexm 203.82 A and 
202.04 A (Watanabe et al, 2009) for the off-limb coronal hole 
region. From a study of the variation of line width of the 
strongest line within our spectrum, we try to find signatures of 
propagating Alfven waves. 
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Fig. 1. Images of the north polar coronal hole ofF-limb region. 
From top to bottom: intensity, width, and density obtained from 
Fe XII lines. 



2. Observation and data reduction 

EIS onboard Hinode observes high-resolution spectra in two 
wavelength bands 170-211 A and 246-292 A with a spectral 
resolution of 0.0223 A per pixel jCulhane et al.L l2007h . We ob- 
served the north polar coronal hole on and off the limb with 
the 2" slit on 10 October 2007 (see left panel of Fig. |2l avail- 
able online only, for a context image). The raster was run for 
more than four hours with 101 exposures of 155 s, covering an 
area of 201.7"x512". We used the study arm_raster_ar, which 
was designed with nine windows containing lines from Fe viii, 
Fex, Fexi, Fexii, Fexiii, Fexiv, Fexv, Hen, Mgvi, Ov, Ovi, 
Si VII, and Al ix. All data have been reduced and calibrated with 
the standard procedures as given in the SolarSoft(SSWl] li- 
brary. These standard subroutines include dark current subtrac- 
tion, cosmic ray removal, flat field, hot pixel correction, and 
absolute calibration. We use the density sensitive line pairs of 
Fexii 186.88 A and 19 5.119 A dVoung^et aU [2Q09b and Fexiii 
203.82 A and 202.04 A (IWatanabe et al.U2009b for density diag- 
nostics and use the strongest line of Fe xii 195.1 19 A for the line 
width study. These lines are formed in the temperature range of 
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Fig. 2. A plot of the intensity (solid lines) and FWHM (grey 
lines) as recorded by Fexii 195 A along three strips tangent to 
the limb at different heights to illustrate the anti-correlation be- 
tween intensity and velocity. The vertical lines show the position 
of the plume (dashed) and interplume (dot-dashed). The limb 
corresponds to Y=1003, as decided from the intensity peak of a 
low temperature line. Si vii. 



r = 1 to 2 MK. One can see from the CHIANTf] ( iLandi et al.L 
|2006|) atomic data base that these line pairs have a very good 
density sensitivity between 7.0 < log Ng (cm"-') < 10.0. 

The Fexii 195.12 A was fitted using a double Gaussian 
(see lYoung et al.L |2009|) . considering the two main transitions 
at 195.119 and 195.179 A (with a 5% contribution on aver- 
age to the stronger component). The two transitions for Fe xii 
at 186.854 and 186.887 were fitted with a single Gaussian at 
186.88 A. For Fexiii, the new CHIANTI updated version was 
used, which in c orpora tes new Fe ion models as described in 
IWatanabe et al.l (l2009l) . To address the issue of weaker signal- 
to-noise as we go off-limb, a variable binning in the radial di- 
rection was performed, where after 1010" we initially binned 
over 27 pixels, finishing by binning over 42 pixels far ofF-limb. 
For Fe xiii we also binne d over 5 spectra in th e X direction. The 
"grating tilt" reported by I Young et all ( |2009|) . which clearly af- 
fects line ratios, was correcte d by assu ming that the tilt is linear 
and using the value found bv lYounget al.. (.2009i) after our own 
comparison. 

3. Results 

The spectral line profile of an optically thin coronal emission line 
results from the thermal broadening caused by the ion tempera- 
ture r„ as well as by small-scale unresolved nonthermal motions 
and/or unresolved flows. Assuming that the instrumental profile 
can be expressed as Gaussian, the expression for the full width 
half maximum (FWHM) is given as 



FWHM = 



Wf„,+^ln2 



(!) 



2kTi 



1/2 



(1) 



where T,, M,, and ^ are respectively the ion temperature, ion 
mass, and nonthermal velocity, while W,,,.,, is the instrumental 
width (for the 2" slit we use 62 mA|3), with the ion temperature 
assumed equal to the peak in the line formation temperature as 
given by CHIANTI. Fig. [1] shows maps of line intensity and 
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Plume vs Interplume 



□ Banerjee et al,, 1998 (interplume) I 
X Dollo et oL. 2008 (coronol hole) I 
■ von de Hulst, 1950 (polor corono) I 
+ Wilhelm et aL, 1998 (plume) I 
• Wilhelm et oL. 1998 (Interplume) I 
Doyle et oL, 1998 (equatiorial corono) I 
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Fig. 3. Variation in density with height in the polar coronal hole 
region. The top panel shows results as recorded by Fe xm, along 
plume and interplume regions. The middle panel shows the com- 
parison of Fe XII and Fe xm. The lower panel shows a comparison 
of density values as recoded by different instruments within the 
same radial distance. 



FWHM from Fexii 195.12 A and electron density (from Fexii) 
of the northern polar off-limb coronal hole region. 

Observations have revealed that plasma cond itions in polar 
plum e s are quite different fr om interplume lanes dHassler et al.L 
119971: IWilhelm et"an. Il998l) . From these maps it is clear that 
plumes have slightly higher density and lower FWHM. Closer 
to the limb at the base of the plume (around X - 15) one 
also finds the presence of a coronal bright point and it does 
affect the density values close to the limb. To look for a pos- 
sible correlation/anti-correlation between the line intensity and 
the most probable speed, we concentrate on specific heights. 
As we go off the limb. Fig. |2] shows the line intensity and the 
FWHM along three strips tangent to the limb at different heights. 
We find evidence of an anti-correlation between the intensity 
and FWHM. If we go out farther away from the limb, the anti- 
correlation is weaker, because at these heights above the limb the 
plume structures have expanded slightly nonradially (see Fig.[T]). 
This observed anti-correlation between intensity and width in 




Fig. 4. Variation in nonthermal velocity with height as recorded 
by Fe xii 195 A along a polar plume and interplume (the present 
study). The solid line corresponds to the nonthermal velocity 
as derived from Si viii 1445.75A dBanerjee et all Il998l) . The 
dashed Une is a third-order polynomial fit. 



pol ar plumes have b een reported by lAntonucci et al.l (Il997h 
and Noci et alj ( T997h wi th the UVCS instrum ent and also by 
iHassler et alj ( Il997l) and iBaneriee et al] (|200(|) with SUMER. 
Now, to study the variations of different parameters namely den- 
sity and FWHM with height, we focus our attention on a fixed 
location, X = 15, as a representative location for the plume and 
X = -57, as a representative case for the interplume. 

In Fig. [3] we plot the variation of the density with height 
as recorded by Fe xm (top panel) along plume and interplume 
(along the two dashed vertical lines as drawn in Fig. |2]|j. The 
dashed lines in Fig. [3] correspond to a second order polynomial 
fit. One can clearly see that at the solar limb, the plume density 
is almost one order of magnitude higher than the interplume, but 
around 70" off-limb, the densities of the plume and interplume 
seem to be very close. The errors in deriving the electron den- 
sity in Fig. |3] depends not only on the line strengths but also 
on th e uncertainty within the at omic data, which can be upto 
20% jPel Zanna & Masonll2005h . We should point out here that, 
for polar regions, these densities are higher than the previously 
published values. To validate our measurements, we also cal- 
culated the densities using Fe xii lines. For the same range of 
heights and along the same interplume lane, we compare the 
results in the middle panel of Fig. [3] It clearly shows that the 
densities are consistent (within their error bars) as recorded by 
two different line pairs of Fe xiii and Fe xii. In the lower panel of 
Fig. [3] we show a detailed comparison of our measured densities 
with earlier published value s for the same range of heights for 
different coronal conditions ( Wilhelm et al.L Il998t Ivan de Hulstl 



ll950l:lDolla & SolomonL 12001 7 

Our densities are marginally comparable to previously pub- 
lished values for plumes and for the quiet corona. This may 
stem form the new atomic data for Fe xm and Fe xiii used in this 
analysis and/or contamination from the background quite sun. 
Assuming ionisation equilibrium and using Eq. (1), we now cal- 
culate the nonthermal speed and study its variation with height 
(see Fig. |4]l for the Fe xn (as this is the strongest hne and line 
widths are measured with better accuracies). The variation in the 
nonthermal velocity with height along the plume and interplume 
reveals that, consistently with height, the nonthermal velocity is 



A summary of the measured parameters and calculated values are 
tabulated in the on-line material, Table. [T]for Fe xn and Fe xm. 



4 



Banerjee et al.: Alfven waves in the polar coronal holes 



2x10' 



\ 










F= 1 


,65x 1 0^ 


6 TQ cm 's ^, B — 8 G 1 - 


" \ 

- \, 

- 

- 


O ''x 


o 

o 




• 

- 




o o 






o 





























o 








o « 


"■^--^ 












o 


-- -- -- o 



25 30 35 40 45 50 

;*[km/s] 



Fig. 5. Variation in electron density with nonthermal velocity for 
the polar coronal hole. The squared boxes represents the ob- 
served values and the solid line represents the theoretical relation 
(Eq. [4]) for fixed magnetic field strength as indicated. 



slightly higher in the interplume than the plume. For comparison 
with previously reported results, we overplot the nonthermal ve- 
locity as derived from Si viii 1445. 75A jBaneriee et al. I ll998h as 
represented by triangles along with their best fit in Fig.|4] 

4. Discussion and conclusions 

Using the EIS spectrometer on Hinode, we have studied the vari- 
ations in the line width and the electron density as a function 
of height. We used the density sensitive line pairs of Fe xii and 
Fe XIII, and calculated densities have comparable values (within 
their error bars). We must point out that the densities as re- 
ported here are consistently higher than previously published 
values (see Fig. O. The difference may stem from real physi- 
cal differences between the emitting regions of the coronal hole 
plasma around November 2007 and previous coronal conditions 
as recorded by other instruments (e.g. SUMER). Other factors 
could be the CHIANTI atomic mod els. There has been a r ecent 
revision in the Fe xiii atomic model dWatanabe etaUl2009l) . and 
we used the updated CHIANTI database for our calculation. We 
should also point out that, from the full scan image of the den- 
sity (Fig.|2l available in the online version only), it shows that the 
off-limb coronal densities are close to the quiet Sun values and 
in fact somewhat higher than the on-disk coronal hole densities. 
This suggests that the coronal emission may have been affected 
by background emission from the quiet coronal structures. 

Alfven waves propagate virtually undamped through the 
quasi-static corona and deposit their energy flux in the higher 
corona. The total energy flux crossing a surface of are a A in the 
corona due to Alfven waves is given bv (lMoranLl200lh 

F = J— <6v^ > BA , (2) 

V 4-7T 

where p is the plasma mass density (related to A^^. as p = nipNe, 
nip is the proton-mass), < Sv^ > is the mean square velocity 
related to the observed nonthermal velocity as =< 6v^ > /2, 
and B, is the magnetic field strength. If the wave energy flux is 
conserved as the wave propagate outwards, then Eq.(2) gives 

< 6v^ >"~ DC p-''\BAr''^ , (3) 



Now if one assumes a flux tube geometry, then BA is constant 
with height and Eq.(3) yields 

< 6v^ oc p->/4 . (4) 

From our dataset (for Fe xii 195 A ) at 30" above the limb for the 
interplume location (see Table. [U using A^^ = 2.2 x 10'^ cm""*, 
< >= 2 X (43.7 kms"')2, we find F = 1.85 x lO*" ergs 
cm"^ s ' for B = 8 G, which is only slightly higher than the 
requi rements for a coronal hol e with a high-speed solar wind 
flow (IWithbroe & NovesLII977h . which is in turn estimated to be 
8x10^ ergs cm~^ s ' . Th e average field strength in coronal hole s 
is estimated to be 5-10 G (lHollwegi[T990l:lTsuneta et al.Ll2008al) . 

To explore the validity of Eq.(4), we plot Fig. |5]correspond- 
ing to our interplume data. The solid lines are the theoretically 
predicted functional form of the variation of number density with 
nonthermal velocity (Eq.[4]) and the diamonds are our observed 
data. The proportionality constant have been chosen to match the 
calculated energy flux. For the interplume data we used B=8 G. 
Once again the agreement is very good, especially when we are 
away from the limb. 

Our observations provide observational signatures for the 
presence of Alfven waves in polar coronal regions at least within 
I.IRq. These upwardly propagating Alfven waves may heat the 
corona and accelerate the solar wind. The slightly larger widths 
within the interplume regions as compared to plumes also indi- 
cate that probably interplumes are the preferred channel for the 
acceleration of the wind. In this dataset we do not find large dif- 
ferences between plumes and interplumes beyond 70"above the 
limb. Finally the EIS line width results are consistent with pre- 
vious results from SUMER. 
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Table 1. A summary of measured intensity, calculated nonthermal velocity (^), flux ratio and electron density for the plume (P) and 
interplume (I-P) obtained from Fe xii (T, = 1 .3 x lO^K) and Fe xm (T, = 1 .6 x lO^K) at different locations. 



Above limb 1(195. 12A) ^ Fexii ratio XogNJcnr^ I(202.04A) f Fexiii ratio XogNJcm-^ 

(arcsec) erg cm^s^'sr"' kms"' 10"^ ergcm^s^'sr" 
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Fig. 7. The left panel shows the BIT 17 1 A image with EIS field of view overplotted (square box) and plume and interplume chosen. 
The right panel shows the density map corresponding to the full EIS raster scan as recorded by Fe xiii and the contours show the 
intensity. 



